Radioactive nuclides are produced at high-energy electron accelerators by different kinds of particle interactions with accelerator components and shielding structures. Radioactivity can also be induced in air, cooling fluids, soil and groundwater. The physical reactions involved include spallations due to the hadronic component of electromagnetic showers, photonuclear reactions by intermediate energy photons and low-energy neutron capture. Although the amount of induced radioactivity is less important than that of proton accelerators by about two orders of magnitude, reliable methods to predict induced radioactivity distributions are essential in order to assess the environmental impact of a facility and to plan its decommissioning. Conventional techniques used so far are reviewed, and a new integrated approach is presented, based on an extension of methods used at proton accelerators and on the unique capability of the FLUKA Monte Carlo code to handle the whole joint electromagnetic and hadronic cascade, scoring residual nuclei produced by all relevant particles. The radiation aspects related to the operation of superconducting RF cavities are also addressed.
I. Introduction
Radioactivity induced by particle nuclear interactions in beamline elements and shielding structures represents one of the main radiation hazards of high-energy accelerators. Typically, the radioactivity levels at electron accelerators are lower than those found at proton accelerators, but the health physics issues are common to both: exposure of personnel, impact on the environment, disposal of material and decommissioning. But because not all physical interactions leading to induced radioactivity are the same, historically different techniques have been developed to predict activation at the two types of facility.
Occupational exposure
At most accelerator facilities the largest contribution to personnel dose arises from maintenance work near dumps, targets, septa, collimators and generally near any object hit directly by the primary beam or located close to a beam loss point. External or internal exposure to radiation from induced radioactivity can also occur in connection with handling, transport, machining, welding, chemical treatment and storage of irradiated items.
Secondary radiation generated by beam losses can also activate air, water and other fluids. Although most of the produced radioactive nuclides are short-lived, they can contribute to personnel dose if the accelerator enclosure is accessed during the first hour after shutdown or if the fluid is allowed to circulate outside the shielding during operation.
Work in a radioactive environment is an operational radiation protection issue which is addressed mainly by measurement and work planning. However, exposure of personnel can be minimized by good engineering design, provided reliable tools or techniques are available to predict activation of various accelerator parts.
Environmental impact
Release of activated air and water, as well as activation of soil and groundwater by neutrons and other secondary particles, have also an environmental impact possibly extending beyond the boundary of the accelerator site. At electron accelerators, the radioactivity levels are generally low and in some cases hard to measure: however sound predicting techniques are essential in order to draw up an impact report (or equivalent document) as required by most national regulations.
Disposal and decommissioning
Accelerator decommissioning and more in general the disposal of activated materials presents a particular challenge: even very low levels of induced radioactivity must be assessed, and not only in a global way, but for each individual accelerator part that must be disposed of. This is a subject that has grown in importance only in recent years: while there is a rich literature concerning occupational and environmental issues in connection with induced radioactivity at high-energy accelerators, little can be found concerning radioactivity predictions in view of decommissioning. As a matter of fact, accelerator dismantling was generally handled in the past by setting up a plan of systematic measurements after the machine was shutdown (1, 2) , but modern regulations require that decommissioning be planned for even as the facility is being designed and built (3) . In some cases, a special study including detailed calculations is requested, as for LEP (4) .
II. Physical interactions
Radioactivity at electron accelerators is induced directly by photonuclear reactions or indirectly by secondary particles (neutrons, protons, pions) originated in the same reactions. Most of the radioactivity is directly induced by photons and is confined within a limited region of space, because the nuclear cross section is only a very small fraction of the total photon cross section and photon penetration in matter is governed only by electromagnetic interactions (Compton minimum). The most penetrating photons have mean free paths of the order of a few cm in metallic structures and about 20 cm in concrete.
On the other hand, the radioactivity induced by secondaries is distributed in space according to their own penetrating power. Secondary particles of different type and energy can be generated by photonuclear effects taking place at different photon energies.
Giant Resonance
Giant Dipole Resonance (GDR) interactions dominate at energies between threshold (5-10 MeV) and about 30 MeV. In this energy range the cross-section is large (up to several hundred millibarn) and there is a large number of photons. Indeed, the energy is of the order of the critical energy of most materials, which is typical of photons at the maximum of an electromagnetic shower. In many cases, therefore, direct GDR activation is concentrated in a limited region of space around shower maximum, not far from the beam loss point.
At electron machines of very high energy, such as LEP, photons in the upper tail of the synchrotron radiation spectrum can also induce activity by GDR interactions. These too are contained in a narrow region surrounding the vacuum chamber.
GDR interactions also produce neutrons with energies of the order of 1 MeV, which can in turn interact with nuclei and contribute to induced radioactivity. The mean attenuation path of such neutrons is of the order of 10 cm in concrete, so the activity induced by them is roughly contained in the same region as that due to the parent photons. The photon fluence is much larger than that of neutrons, but neutrons have larger cross sections, especially when they become thermalized. Hence, both components must be taken into account.
Quasi-deuteron effect
In the energy range between 30 and few hundred MeV, photons interact mainly via the quasi-deuteron effect. Photons in this energy range are less numerous, and the quasi-deuteron cross section is small compared to the GDR one. Therefore direct activation by such photons is also less important; however, their secondaries (mainly neutrons) have multiplicities and energies which increase with photon energy, and their activating effect may extend over a wider region of space.
Delta Resonance
At energies between 200 MeV and a few GeV, characterized by the Delta Resonance, pion production becomes superposed to the quasi-deuteron effect. The Delta Resonance cross section is rather large (of the order of one half of the GDR), but photons in this energy range are much less than at shower maximum, so their contribution to total activation is comparably small. However, nuclides directly produced in this type of reaction may dominate in thin targets where the electromagnetic shower is not fully developed. On the other hand, some of the secondary pions and neutrons may have sufficient energy to initiate a hadronic cascade extending well beyond the GDR activation region.
High-energy photons
Photons in the highest energy range, above the delta resonance, are created in the first beam interaction or at most in the first few generations of the ensuing electromagnetic shower (often within a fraction of a radiation length). They are few and their photonuclear cross section is small, and therefore their direct contribution to activation is negligible. However, they can originate hadronic cascades with a large number of secondary particles which can penetrate deep into the accelerator shielding, also activating soil and groundwater.
Relative importance of the various contributions
Since only one or few nucleons are removed, in a given material there are only a small number of radioactive nuclides which can be produced by direct GDR interaction. In some materials, such as lead, very little activity is produced. The most common radionuclides produced by GDR in accelerator structures are 53 Fe, 55 Fe and 64 Cu. Compilations of GDR cross sections are available (5, 6) but data are scarce for some important materials (iron). Some parameterizations have been proposed (5) but only for medium and heavy nuclei.
The activation originated, directly or indirectly, by photons of energy higher than the GDR is similar in quality, if not in quantity, to that produced by high-energy hadrons. Globally, it does not depend strongly on specific materials, but varies rather smoothly with mass number so that in a given element, practically all radioactive nuclides with lower mass number can be produced by spallation or evaporation. The total cross sections are smooth functions of A and Z for energies above the GDR. However, the actual neutron multiplicity and the probability of producing a specific residual nucleus are not easily predicted without simulating the interaction in detail by means of a specialized code. A formula similar to that developed by Rudstam (7) for highenergy protons has been proposed by Jonsson and Lindgren (8) . Typical radionuclides produced in this energy range are 3 Mn. Direct activation by GDR (γ,n) reactions is an important source of radioactivity in air and water (9, 10) , while spallation contributes only to a limited extent. However, with the exception of 11 C, which has a half life of about 20 minutes, most of the activity generated by GDR reactions is shortlived ( 13 N and 15 O) and can only be of concern in the immediate surroundings of the accelerator. In air, the contribution to activation with the largest environmental impact comes from thermal neutrons, which produce the radionuclide with the longest half-life ( 41 Ar, 1.83 hours). Because the total activity due to the hadronic cascade generated by high-energy photons is a small fraction of the total, that component is often considered to be of secondary importance. However, it is practically the only component outside thick shields and any environmental impact study must use some technique to evaluate its effect on soil and groundwater.
A particular case is that of activation by thermal neutrons. Although their fluence is generally small, they can induce non negligible activities in some nuclides of very high cross section present even in small amounts in concrete, soil or other materials. Typical examples are sodium in concrete, antimony in lead and several rare earths in soil. These activities are difficult to predict because the chemical composition of such materials is not known with sufficient accuracy, and in some cases (pure beta emitters) they are also hard to measure.
III. Electron and proton accelerators
Thirty years ago, DeStaebler (11) estimated the dose rate due to induced radioactivity in the SLAC linear accelerator using the scarce data available at that time and much physical insight. Assuming that roughly 1% of the energy lost by a high-energy electron is being spent in nuclear interactions (based on the known ratio between the strength of nuclear and electromagnetic forces) and that each interaction absorbs on average 50 MeV, with the help of some classical shower theory and a few other considerations about the average properties of radioactive nuclei, he was able to predict the order of magnitude of the dose rate from induced radioactivity produced per unit power of electron beam.
Since then, various authors (10, 12) have confirmed that the total induced radioactivity is nearly proportional to beam power at both proton and electron accelerators, with a ratio of about two orders of magnitude between the two proportionality factors. However, due to the different spatial distribution of radioactivity in the two types of accelerators, this ratio cannot be used to scale specific activities and dose rate levels from proton to electron accelerators. The ratio applies only to induced radioactivity in air, water and unshielded accelerator structures, while the ratio outside thick shielding is probably much larger. But the present regulatory trend is such that even when extremely low radioactivity levels are expected, a full study must be carried out and detailed proof of the estimated activities must be reported anyway. Therefore, reliable methods to predict induced radioactivity distributions are essential in order to assess the environmental impact of an electron accelerator and to plan its decommissioning.
IV. Induced radioactivity in superconducting RF cavities
A less conventional radiation source in present highenergy electron accelerators is represented by the superconducting radiofrequency (RF) cavities. These components are often an important radiation source both during conditioning without beam and during normal operation in the accelerator. Although this type of equipment is also used in proton accelerators, it is worth mentioning that in high-energy circular electron accelerators the RF system serves the double purpose of ramping the beam from the injection energy to the energy required for physics, and to compensate for the continuous energy loss due to synchrotron radiation during coasting. In fact most of the RF power is needed for this second task (which is not the case with proton accelerators), as the energy lost by synchrotron radiation increases with the fourth power of the beam energy. The LEP superconducting RF cavities operate, on average, at a gradient of 6 MV/m, but in case of need they can be rapidly driven to their maximum, which can be as high as 9 MV/m. Before being installed in the machine the cavities are actually conditioned to their maximum achievable field in shielded test areas.
The production of radiation is mainly caused by field emission of electrons from small impurities on the Nb surface. Electron multipacting (a resonance phenomenon linked to the electric surface field, the secondary electron emission coefficient of the surface, the geometry of the cavity and the frequency) is a less important mechanism if the Nb surface is properly cleaned (13) . Trajectory calculations have shown that there are essentially two electrons sources (14, 15) : 1) a high intensity source of low energy electrons mainly producing transverse bremsstrahlung Xrays; and 2) a low intensity source of high energy electrons travelling parallel to the cavity axis and generating X-rays emitted along the axis. The latter source is more important, due to the much higher energy to which electrons can be accelerated to, up to the maximum field of the cavity. When these electrons strike the cavity walls or any other material, they produce intense bremsstrahlung radiation. Part of this bremsstrahlung radiation is sufficiently energetic to induce photonuclear reactions resulting in neutron production and activation of material.
In practice, a superconducting RF cavity can be regarded as a small electron linear accelerator: activation phenomena are therefore similar as they are governed by the same mechanisms. However, a peculiar aspect with which one is confronted when dealing with a large number of units, is that each cavity has its own "history" and the conditioning process can vary significantly from one cavity to the other. Therefore it is not easy to predict neither the intensity of the emitted radiation nor the expected amount of radioactivity induced in the surrounding structures. To cope with this lack of predictability, photon and neutron measurements were performed at CERN on several superconducting units (both single cavities and 4-cavity modules) during their conditioning before installation in LEP (16) . The measurements have shown a sharp increase in the radiation emission when the electric field is raised from about 6 MV/m to about 8.5 MV/m (Fig. 1) , followed by a slow decrease as conditioning proceeded.
Although each cavity had already been conditioned at least once before being assembled with three other units in a module, the dose rates measured at the extremities of a module are much higher than for a single cavity, as the total field is a factor of 4 higher. For the same reason the induced radioactivity also increases with electric field. In addition, it was found that the dose rates at the two ends of a module are usually different, in some cases by as much as two orders of magnitude. The components undergoing activation are essentially the extremities of the module and, during operation in LEP, the downstream components in the beam line. The residual dose rate at 10 cm distance from the activated component may reach several mSv/h a few minutes after the module has been switched off. It was found that the dose rate decreases by about a factor of 10 in 40 minutes, due to the decay of short-lived radionuclides, followed by a much slower decrease (another factor of 10 in about 48 hours). The production reactions of the short-lived (less than one hour) radionuclides responsible for most of the induced radioactivity in stainless steel and copper (the materials most likely to be irradiated) in the first few minutes after the RF has been switched off can be supposed from the material composition. In stainless steel, the activity would mainly come from 50 Cr(γ,n) Mo in stainless steel. The heaviest radionuclides found in stainless steel are most likely produced on impurities. In one case the thermic insulation was severely damaged by radiation and fell into pieces when the module was opened for maintenance. The insulation is constituted of several films of polyethylene terephthalate (PET) on which a thin aluminium layer (400 A) is deposited separated by a thick insulating layer made of polyester. A gamma-spectrometry analysis carried out on a sample taken from the damaged insulation showed traces of 22 Na
V. Commonly adopted evaluation techniques
In order to simulate activation in an electron accelerator environment, a Monte Carlo code must be able to handle not only both the electromagnetic and the hadronic cascade, but also the interaction between them, represented by photonuclear interactions. Since no such code was available until recent times, calculation techniques have been based so far mainly on a mix of analytical formulae, order of magnitude estimates and extrapolations from published measurements. In some rare cases (17, 18) , specialized electromagnetic and/or hadronic codes have been used, but only to provide numerical values for the quantities appearing in analytical expressions.
Calculating induced radioactivity from a source term
Some authors (9, 19, 20, 21) have predicted the production of radioactivity in soil and groundwater in a straightforward way, by deriving neutron and hadron fluence at a point using a source term and the inverse square law, and multiplying the fluence value by average cross sections. In some cases (20, 21) a published dose attenuation formula and a dose to fluence conversion factor have been applied to account for the effect of shielding. This approach, although very simple, has been shown to give results close to those obtained by other techniques (9, 21) .
Track-length calculations
A more refined type of calculation is based on the total photon track-length (possibly differential) in a given volume. The track-length is obtained by ray tracing and assuming a given photon angular distribution or, in more modern studies, by a Monte Carlo photon transport code (22, 23) . Provided production cross sections for each radionuclide of interest are available, this method gives accurate results, but only for nuclides directly produced in photon interactions and excluding activity induced by secondaries (GDR neutrons, high-energy hadrons).
The method is laborious, because good compilations of experimental photonuclear cross section are scarce and incomplete (24) , but is the only mean to evaluate induced radioactivity originating from trace elements. Each cross section not found in the literature must be obtained by models or parameterizations (5, 8) having an uncertain range of validity. Indeed, while the value of the total inelastic cross section is a smooth function of mass number, competition between different reaction channels makes any partial cross section much more dependent on the individual properties of each target/product nucleus combination.
However, there are some cases where activation by secondaries is negligible and the cross sections needed are few and well known. The track-length technique is widely used for air activation calculations (9, 22, 23, 25) and has been used successfully at CERN to predict activation by hard synchrotron radiation in LEP (26) . This topic is addressed in another contribution of this conference (4) .
Scaling with absorbed power
The original approach of DeStaebler, mentioned in section III, supported by new available experimental data, was later improved by Swanson (27) and has become the basis of a standard technique for evaluating the radioactivity induced by electron beams (9, 23, 25, 28) . The total saturation activity of various radionuclides induced per unit power in an infinite slab has been estimated by Swanson, for a number of common materials, by multiplying the total photon tracklength (in Approximation A or B of Rossi's shower theory (29, 30) ) with the production cross section weighted by the inverse energy squared and integrated over all energies (31) . The corresponding activity induced in any volume of a given material is scaled according to the energy deposited in that volume per unit time. The deposited energy is estimated as an order of magnitude, or by an electronphoton Monte Carlo code such as EGS (32) , especially in the most recent studies.
This approach, although widely adopted, is affected by many uncertainties. Experimental cross sections do not always exist, and even when they do, the measurements cover only a limited energy range: the gaps must be filled by extrapolation and guessing. The list of radioactive products with some importance for radiation protection reported in Swanson's book (27) is not exhaustive, as it can be shown for instance by comparing with the experimental results of Sato et al. (33) . But most important, scaling with deposited power assumes implicitly that the photon spectrum, and especially the neutron spectrum, is identical everywhere: a condition far from being fulfilled, as it has been pointed out before. A further source of error comes from ignoring the fact that in most cases the electromagnetic shower does not develop in a single, semi-infinite material, but in complex multi-material structures. In such conditions, it is not obvious that simple analytical shower theory approximations be able to accurately predict photon spectra. Swanson claims that his predictions for an infinite slab should be valid within a factor of two, due to the uncertainty in the cross sections. In a practical application, where non-uniform spatial distributions of photon and neutron spectra play a role, we estimate the global uncertainty to be at least an order of magnitude.
Some of the limitations of Swanson's technique have been mitigated by a modification recently developed at CERN (34) in connection with the planned decommissioning of LEP (4) . While Swanson's data refer to radionuclides produced by an electron beam of unit power incident on an infinite slab, Silari and Ulrici have compiled similar data for materials irradiated by secondary particles generated by nearby unit power beam losses in machine components. The data have been obtained both experimentally and by a new technique provided by the FLUKA Monte Carlo code, which will be described below. As an example, conversion coefficients from unit lost beam power to induced specific activity at saturation are given for stainless steel in Table 1 . These conversion coefficients were obtained by exposing the samples at about 20 cm from an aluminium beam dump bombarded by 92 GeV and 94.5 GeV electrons or positrons. 
VI. A novel approach with FLUKA
All the techniques reported above give results with uncertainty factors not better than 2 and in some cases of the order of 10. This has been found generally acceptable for practical purposes, because the activities around electron accelerators are usually low, although the uncertainty is not always on the conservative side. Each of the conventional methods, however, has some further drawback: they predict only part of the produced radionuclides, or lack capability to predict distribution of radioactivity in space, or require a complete cross section library which at the moment is not yet available.
The latest version of the FLUKA code (35, 36) opens a new way by offering at the same time a rich choice of possibilities. These allow the user to upgrade some of the conventional techniques by overcoming some of their limitations, or to predict directly the density of individual residual nuclei.
Star density
Dose rate from induced radioactivity at CERN proton accelerators has been predicted for many years by an empirical technique based on star density. "Stars" are arbitrarily defined as inelastic interactions, or spallations, by hadrons of energy larger than 50 MeV and have been for a long time the only quantity predicted by high-energy hadron transport codes. The original hypothesis of a probable simple proportionality between star density and induced radioactivity, with proportionality factor dependent on material (37) , was based on the observed constant asymptotic value of the hadron inelastic cross section and on an assumed equilibrium between the fluence of star-producing highenergy hadrons and that of other particles contributing to activation (neutrons of less than 50 MeV). Actually, the supposed equilibrium exists only outside thick shielding, but experience has shown that the contribution of low energy particles is generally small compared to that of starproducing hadrons. Therefore, the proportionality factors were established experimentally by measuring the gamma dose rate at the surface of small blocks of material directly irradiated by a proton beam (38, 39) . It is considered that these so-called "omega-factors" are valid within approximately a factor of 3.
Another common use of star densities obtained by Monte Carlo is to estimate individual radionuclide production by scaling the number of stars with the ratio of partial to total inelastic cross section.
These techniques cannot be extended directly to electron accelerators, where most of the induced radioactivity is due to GDR interactions and not to stars. However, outside thick shielding, where high-energy hadrons dominate, an extension is possible and a first attempt was done by Höfert et al. (17) with the 1982 version of the FLUKA code where a first implementation of photonuclear interactions above 800 MeV had been made. More recently, Nelson et al. (21) have used several techniques to estimate tritium production in groundwater, among which the calculation of star density in soil with the last version of the FLUKA code.
FLUKA as a source of data for conventional techniques
Photonuclear reactions have been fully implemented in the latest version of FLUKA, from the GDR region to at least 20 TeV, giving the code the capability to handle the whole joint electromagnetic and hadronic cascade at any energy. All kinds of secondaries are generated and tracked even in very complex geometries and it is possible to calculate accurately the differential fluence of any particle (whether as tracklength, boundary crossing or collision density) in any requested region of space. Traditional techniques based on track-length estimation can therefore be applied with improved spatial resolution to the detailed fluences calculated by FLUKA (40) . Total photon track-length above 5 or 10 MeV is also a good candidate for a simple activity estimator for GDR interactions similar to what star density is for high-energy interactions. It would be interesting to test experimentally the performance of some combination of the two estimators.
FLUKA can be used also as a simple electron-photon transport code to estimate the partition of deposited energy among various machine or shielding components, and the result can be used to estimate activity according to the original or modified Swanson' s technique.
Residual nuclei
The possibility of scoring directly residual nuclei produced in inelastic interactions has been available in FLUKA and in other hadron transport codes for some time. Although this feature can still be improved (the lack of a fragmentation model does not allow to predict nuclides with mass number very far from that of the parent nucleus well), it has already been used with success to predict activation from proton beams (41) . Only recently attempts have been made at calculating residual nuclei produced in an electromagnetic cascade. At SLAC, the benchmark experiment of Sato et al. (33) has been simulated, where thin Al, Fe, Cu and Nb foils were irradiated with a 2.5 GeV electron beam at different depths inside a thick copper target. The detailed results will be reported elsewhere, but a summary of the results is given in Fig. 2 . Fig. 2 Distribution of ratios between FLUKA predictions and measured activities in the experiment of Sato et al (33) . The dashed lines indicate a factor 2 about the measured value. 69% of the points are contained in the corresponding band.
Only results with a standard deviation better than 30% have been reported in the figure (it was difficult to accumulate good statistics when scoring residual nuclei in the extremely thin layers used in the experiment). Only one nuclide was completely absent in the FLUKA results ( 24 Na in Fe), but on the other hand several radioactive nuclides were predicted which were not measured in the experiment ( 26 Co agreed with the measured values within a factor of 2, while 3 H was underestimated by a factor of 10 (42) . However, using the star density and a reported factor of 0.09 3 H nuclei per FLUKA star (43) one would still find a value 3 times too low, which seems to point to a problem in the experimental determination of tritium in the sample.
While the overall accuracy of the above results is not worse than that claimed by most established techniques, it is interesting to point out that the FLUKA yields of residual radioactive nuclei include several ones that are generally not predicted otherwise ( 14 C, 55 Fe, etc.). A third example is the assessment of low level induced radioactivity in the various materials constituting the LEP components, namely aluminium (vacuum chambers, dipole excitation bars), lead (shielding around most of the vacuum chamber), stainless steel (vacuum chambers, vacuum valves, bellows, etc.), iron (quadrupoles), iron-laminated concrete (dipoles) and copper (RF cavities, coils, vacuum joints, etc.). Samples of these materials were irradiated on the electron and positron dumps during the entire operation of the collider at 92 GeV in 1997 and at 94.5 GeV in 1998. The experimental results were compared with detailed FLUKA simulations of the experiment (44) . Both the experimental results and the Monte Carlo predictions were normalised to the average dumped beam intensity. The specific activity was obtained by multiplying the residual nuclei output from FLUKA by the average beam intensity and dividing by the mass of the sample. As an example, the results for stainless steel are given in Table 2 . From the comparison between experiment and simulations, a number of conclusions could be drawn. First of all, it was found that FLUKA can predict most of the induced radionuclides in the five materials; in about 2/3 of the cases the Monte Carlo results agreed with the experimental data within a factor of two and some of them even better. As stated above, FLUKA could not predict with reasonable accuracy the production of residual nuclides with atomic and mass numbers far from those of the target nuclides (i.e., spallation products such as 7 Be in aluminium and 56 Co in lead). However, the largest discrepancy was found for 52 Mn, for which the calculated activity was about 4-5 times larger than that determined experimentally. In the experiment of Sato et al. (33) the discrepancy for this same nuclide was a factor 2-3.
Neutrons were not followed down to thermal energy because of the long computing time required. Thus, the contribution to induced radioactivity due to thermal neutron capture was not taken into account in the calculations. By an examination of the sample compositions and induced radionuclides, it turned out that only two radionuclides might have been underestimated because of lack of contribution from thermal neutrons: 59 Fe in stainless steel and in ironconcrete, and 51 Cr in stainless steel. These nuclides are produced by 58 Fe(n,γ) 59 Fe (cross section of 1.15 b) and 50 Cr(n,γ) 51 Cr (cross section of 15.9 b), respectively. However, it was found that the latter had been predicted with good accuracy, which means that 51 Cr is produced mainly by interaction of high-energy neutrons rather than by thermal neutrons. Neglecting the thermal neutron reactions had only some relevance for the production of 59 Fe in stainless steel and iron-concrete, which is underestimated by a factor 3-5. In all other cases thermal neutrons did not contribute much to the induced radioactivity. 
VII. Conclusions
Comparisons made at CERN and SLAC show that there is a satisfactory agreement between the results derived by conventional techniques and those obtained by exploiting the new options offered by FLUKA. No existing method is perfect, but the integrated approach now allowed by FLUKA is better than most of the other techniques.
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